Introduction
Polyacrylamide gel electrophoresis is an attractive technique for the analysis of DNA as it offers efficient and fast separations. 1 In polyacrylamide gels, several methods are widely used for the DNA visualization, including fluorescence, visible organic dye and silver. Visible dye-based stain, e.g. methylene blue, 2 brilliant cresyl blue, 3 crystal violet, 4 and nile blue, 5, 6 is a low cost and simple method, but is insensitive and time-consuming. Fluorescent stain is the most popular method in use, promoted by recent technological developments in fluorescence methodologies and instruments, such as ethidium bromide, SYBR green, and SYBR gold. Despite its good performance, however, the basic costs for the fluorescent reagents (SYBR green and SYBR gold) are still several folds higher than the costs for dye or silver-based reagents. Alternatively, the available silver-staining technique offers the advantages of maximal sensitivity in the picogram range with the use of simple and cheap equipment and chemicals. 7 However, the potentially hazardous formaldehyde [8] [9] [10] is still an indispensable reducing agent of the current DNA silver stain, which suggests that the current formaldehyde-based silver staining method is also not an ideal choice for DNA detection on polyacrylamide gels.
To overcome the above disadvantages of silver stain, therefore, researchers need to have a detection method that employs a user-friendly, sensitive and effective silver ion reducing substance. In earlier research, vitamin C (Vc) has been widely used as a reductant for the preparation of metallic nanoparticles such as Au, Pt and Ag. [11] [12] [13] [14] In view of the user-friendliness and excellent performance of Vc in metallic ion reduction, in this study, Vc was firstly introduced in silver stain for the visualization of DNA on polyacrylamide gels. The result showed that down to 8 pg of single DNA band can be successfully detected by the new developed method, similar or better than those of the most sensitive formaldehyde-based silver staining methods over the years. Therefore, we prospect that the new developed silver staining method by using Vc as reductant may provide new opportunities for genome analysis.
Experimental

Reagents and chemicals
Acrylamide, Bis, TEMED, ammonium persulfate, Tris base, boric acid, and Vc were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). pUC18 DNA/MspI Makers (Cat # MD203-01) was obtained from Tiangen Biotech Corporation (Beijing, China), and DNA Silver Staining Kit (Cat # 70-5006-88) was from GE Healthcare (Uppsala, Sweden). All other chemicals used were of analytical grade and were obtained from various commercial sources.
Gel electrophoresis
Eight percent polyacrylamide gels (80 × 100 × 0.75 mm) were prepared with TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3). The ratio of acrylamide to Bis was 29:1. Two-fold serial dilutions of pUC18 DNA/MspI Makers per DNA fragment bench were loaded onto gel lanes: 1000, 500, 250, 125, 64, 32, 16, 8, 4 , and 2 pg, respectively. Electrophoresis was carried out using Miniprotean III dual slab cells (BioRad, Hercules, CA) and a power PAC 300 (BioRad) at 20 mA/gel, with the TBE buffer used as the running buffer. A practical, sensitive and environment-benign protocol for the detection of DNA on polyacrylamide gels was described. In this method, the most commonly used formaldehyde-based developer in DNA silver stain, which poses potential hazards to the health of operators, is firstly replaced by vitamin C (Vc) in sodium thiosulfate solution. This allows user-friendly and efficient visualization of DNA that takes about 20 min to complete all the procedures, and provides comparable sensitivity (8 pg of single band) to the most sensitive formaldehyde-based silver staining method developed before. in 100 mL of deionized water (DW) for 10 min. Gels were then impregnated in 50 mL of silver-ammonia solution containing 0.2% silver nitrate, 0.4% sodium hydroxide, and 0.7% ammonia for 5 min, washed in 100 mL of DW for 20 s twice, and immersed in 100 mL of 0.2% sodium thiosulfate solution with 0.0125% Vc for 1 -2 min to develop images. After silver reduction, gels were immersed in 50 mL of 5% Tris base for 2 min to stop the development. DNA silver staining kit from GE Healthcare. This staining method was essentially performed according to the instructions of GE Healthcare. Following electrophoresis, gels were fixed in 125 mL of 24% ethanol (EtOH) solution with 0.6% benzene sulfonic acid (BSA) for 30 min. After that, gels were impregnated in 125 mL of 0.2% silver nitrate with 0.07% BSA for 30 min, and washed in 125 mL of DW for 1 min. The silver-stained gels were reduced by soaking in 125 mL of developer containing 2.5% sodium carbonate, 0.1% formaldehyde, and 0.002% sodium thiosulfate for 6 min. After silver reduction, gels were immersed in 125 mL of stopper and preserver containing 1% acetic acid (HAc), 5% sodium acetate, and 10% glycerol for at least 30 min. Formaldehyde-based silver staining method outlined by Qu et al. This staining method was essentially performed according to Qu et al. 15 Following electrophoresis, gels were directly incubated in 100 mL of impregnating solution containing 25% EtOH, 1% nitric acid, and 0.2% silver nitrate for 10 min. Then the impregnating solution was discarded and gels were quickly rinsed with change of DW for 3 min. After that, gels were developed in 100 mL of solution containing 3% sodium carbonate with 0.2% formaldehyde for 2 -5 min. Finally, development was stopped by immersing the gels in 100 mL of 10% HAc for 2 -5 min. Formaldehyde-based silver ammonia stain outlined by Vari et al. This staining method was essentially performed according to Vari et al. 16 Electrophoretic gels were rinsed in 100 mL of DW thrice for 20 min each, and then sensitized with 100 mL of 12% glutaraldehyde for 30 min, followed by washing in 100 mL of DW for 15 min twice and another 18 h in DW. After that, gels were stained with 100 mL of 0.4% silver nitrate, 0.2% sodium hydroxide and 1% ammonia for 30 min, and then washed thrice with 100 mL of DW for 10 min each. Finally, the gels were developed in 50 mL of reducing solution containing 0.005% citric acid and 0.05% formaldehyde for 10 min. The development could be terminated by immersing the gel in 100 mL of 5% HAc for 5 min.
Detection on gels
Image analysis
The image acquisition of silver stained gels were digitized at 600 dpi resolutions using a scanner (UMAX PowerLook 2100XL, Umax Systems GmbH, Germany) connected to a computer. The TIFF images were analyzed under the identical condition for all the gels, and the sizes of bands were subsequently normalized to eliminate possible disparity of data values.
Results and Discussion
In the former study, we have developed an improved formaldehyde-based ammonia-silver staining method that provides a rapid and sensitive visualization of DNA on polyacrylamide gels. 17 In the present study, further experiments show that silvering the gels in silver-ammonia solution for 5 min followed by washing the gels in DW for 20 s twice, could successfully achieve the same sensitivity compared with the former 10 min of silvering and 2 min of the post-silvering DW washing. Thus, the times of silvering and post-silvering DW washing were shortened to 5 min and 20 s twice, respectively. As a further step, the substitution of formaldehyde with Vc in developer was tested in this procedure, considering the robustness and sensitivity of the stain.
Optimization of developing condition
For the determination of optimal concentration of Vc in developer, electrophoretic gels were developed in different concentrations of Vc from 0.00625 to 0.05% with 0.2% sodium thiosulfate. The results show that optimal performance could be achieved at 0.0125% Vc. At the lower concentration of Vc, maximum sensitivity cannot be achieved, while higher concentration resulted in obscured background and high reduction speed.
To our surprise, on the other hand, we have found that no DNA bands can be obtained by developing the gels in only Vc-containing aqueous solution, but rather an obscured background with a rapid reduction speed (Fig. 1) . This undesirable result may be attributed to the excess silver ion unbound or loosely bound to the gel matrix. Thus, to slow down the reduction speed and to acquire a clear background, silver ion complexing agent needed to be introduced into the developer. In protein silver stain, sodium thiosulfate is a widely used silver ion complexing agent that prevents silver ion reduction. 18 During the optimization of the constituent of the developer, we have found sodium thiosulfate to be a key factor that has great effect on the achievement of sensitive stain with a proper silver ion reduction speed. The result showed that the introduction of sodium thiosulfate in Vc developer successfully eliminates the obscured background ( Fig. 1) and slows down the reduction speed. To determine the optimal concentration of sodium thiosulfate in developer, the gels were impregnated with different concentrations of sodium thiosulfate ranging from 0.1 to 0.4% with 0.0125% Vc. The results showed that optimal performance occurred at 0.2% sodium thiosulfate, considering the sensitivity of DNA bands and a clear background. Less than 0.2% resulted in high background stain; while more than 0.2% produced low sensitivity (Fig. 1) . We conclude that the overconcentration of sodium thiosulfate could complex some DNA-bound silver and/or decrease the concentration of silver ion available for producing the image, which ultimately decreases the sensitivity. 18 Furthermore, the pH value was found to be another crucial factor in former research. For alkaline silver stain methods, silver appears in the form of diammine complex, and silver ions are reduced to silver metal in acidic condition. Therefore, the experiments to explore additions of different acid components (such as citric acid, malic acid, boric acid, oxalic acid, tartaric acid and HAc) were performed under the optimized developing conditions (0.0125% Vc, 0.2% sodium thiosulfate). Nevertheless, intensive results were not achieved through the modification of developer solution.
Optimization of stopping solution
In previous research, HAc, 7, 15, 16 Tris/HAc, 10, 19 and EDTA 20 aqueous solutions have been widely used as stop solutions in protein/DNA/RNA staining methods on PAGE, and the most commonly used was 1 -10% of HAc aqueous solution. However, HAc as a stopper can cause the diffusion of silver metal grains, causing losses of sensitivity and contrast of image. In addition, stopping by HAc for overnight was shown to lose some sensitivity and contrast. Therefore, Tris was selected as a better stopper for its characteristics of high buffering capacity and negligible metal ion complexing property. 21 The optimal concentration of Tris in stopper solution was found to be 5% considering the sensitivity of the DNA bands and the contrast between DNA and gel background at different concentrations ranging from 1 to 15%.
Comparison of characteristics of Vc-based silver stain with other formaldehyde-based silver stains
To evaluate the Vc-based silver stain critically, we carried out extensive comparisons with other formaldehyde-based silver stains in this section. Firstly, the detection limits of Vc-based silver stains were compared by using pUC18 DNA/MspI Makers (Fig. 2) . According to the result, we could clearly see that similar staining sensitivities were obtained by Vc-based silver stain and DNA silver staining kit from GE Healthcare that detect 8 pg of single DNA band, these were more sensitive than the other two formaldehyde-based silver stains by several times. It also can be concluded that the band intensity achieved when using these methods to stain gel separated DNA was somewhat dependent on DNA fragment size. In the range from 67 to 501 bp, with the decreasing DNA fragment size, both staining methods provided a slightly diminished staining. However, in some instances, Vc-based silver stain allowed better sensitivity and higher signal intensity (Fig. 2) at low base pair (≤353 bp) DNA than were available with any of the other three stains. In respect of simplicity of staining procedure (Table 1) , the total staining time is 100 min for DNA silver staining kit from GE Healthcare, 20 min for Qu et al. developed silver stain, and 22 h for Vari et al. developed silver stain, compared with a 20-min protocol for Vc-based silver stain. In addition, the linear dynamic range of DNA detection was determined for Vc-based stain as compared with that for DNA silver staining kit from GE Healthcare (Fig. 3) . In these gels, molecular marker DNA fragments were serially diluted ranging from 2 to 1000 pg.
The range of DNA amount estimated in this study varied from 8 to 1000 pg. In this range, the linear responses with correlation coefficients varied from 0.9660 to 0.9978 were obtained by these staining methods. The linear dynamic ranges for Vc-based stain were 353 bp fragment (8 -1000 pg, correlation coefficient 0.9801), 243 bp fragment (8 -1000 pg, 0.9760), and 147 bp fragment (8 -1000 pg, 0.9918), respectively. In general, the Vc-based stain provided similar linear dynamic ranges to these available from GE Healthcare kit with respect to the values of correlation coefficients of different DNA density ranges.
Furthermore, to verify the practicability of the new developed method, we applied Vc-based silver stain to analyze plasmid p1390 DNA PCR products with comparison to commercialized DNA silver staining kit and other formaldehyde-based silver staining methods on 8% polyacrylamide gels (Fig. 4) . The results demonstrated that Vc-based silver stain was most suitable for DNA analysis, compared with other commonly used formaldehyde-based DNA silver staining methods. On the other hand, to investigate whether the Vc could be well adapted to the acidic silver staining methods, further experiments were carried out to uncover the staining performance of Vc in acidic silver staining protocol. The result shows that the acidic silver staining protocol that uses Vc alone as developer gives a sensitive negative stain with an opaque gel background and transparent DNA bands (data not shown). However, the reproducibility of the negative silver stain is poor, which may also be caused by the uncontrollable reaction speed between silver nitrate and Vc in acidic medium. To improve the reproducibility of the negative silver stain, researchers added sodium thiosulfate and polyvinyl pyrrolidone into the pre-silvering solution and/or the Vc solution, respectively, which can compound with silver ion and protect the silver particles from growing and agglomerating in the preparation of silver nanoparticles. 22, 23 However, the result shows that both polyvinyl pyrrolidone and sodium thiosulfate could not significantly improve the reproducibility. Therefore, further studies to maintain the stable acidic silver stain with Vc are still needed.
Conclusions
Design and development of environmentally benign chemical probes are needed. Among these probes, sensitive and user-friendly protocols are greatly needed to visualize DNA on polyacrylamide gels so as to fully appreciate their roles in life cycle. We therefore developed a DNA silver stain using Vc as reducing agent that avoids the need for handling harmful formaldehyde. Herein, we demonstrated the potential efficiency of Vc-based silver stain for the analysis of DNA on polyacrylamide gels. Furthermore, given its user-friendliness, Vc could be an excellent alternative to formaldehyde for DNA detection on polyacrylamide gels, even though one most still use silver nitrate, sodium hydroxide, ammonia, and sodium thiosulfate in the new developed protocol, comparing with the potential health risks of formaldehyde. We expect that the Vc-based DNA silver staining approach can be readily applied to upgrade the DNA silver stain and thus contribute to the development of genomics.
